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I NTRODUCT I ON 


This report summarizes the results of screening analyses aimed at the 
definition of an optimum configuration of a Rank i ne-cyc ie solar-powered air 
conditioner designed for residential applications. These investigations are 
conducted in fulfillment of Task 4 of Contract NAS8-3078. Initial studies 
revealed that system performance and cost were extremely sensitive to condensing 
temperature and to the type of condenser used in the system. Consequent I y, the 
screening analyses were concerned with the generation of parametric design data 
for the four different condenser approaches defined in Figure 1 and identified 
as follows; 

(a) Concept A — Ambient air condenser 

(b) Concept B — Humidified ambient air condenser 
Concept C — Evaporative condenser 

(d) Concept D — Water condenser (with a cooling tower) 

All systems considered feature a high-performance turbocompressor and a 
single refrigerant CR-H ) for the power and refr I geration loops. The selection 
of R-1 1 as the working fluid is supported by the results of fluid evaluation 
studies reported in Reference 1.* The data (presented in subsequent discus- 
sions) were obtained by computerized methods developed to permit system charac- 
terization over a broad range of operating and design conditions. The criteria 
used for comparison of the candidate system approaches are listed below. 

(a) Overall system COP (refrigeration effect/solar heat input) 

(b) Auxiliary electric power for fans and pumps 

(c) System installed cost or cost to the user 
BASELINE DESIGN CONDITIONS 

For the purpose of comparison, the following interface conditions were 
used to generate parametric system characteristics: 

(a) Water temperature at boiler inlet (thermal storage temperature); 

566.5 K (200 F) 

(b) Room return air temperatures: 299.8 K (80 F) db, and 292.6 K 

(67 F) wb 

(c) Ambient air temperatures; 308,2 K (95 F) db, and 297 K (75 F) wb 

The 366,5 K (200 F) water temperature from the thermal storage units is 
representative of the level attainable from a flat-plate solar collector. The 

^References are presented at the end of this document (before appendixes). 
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Figure 1. Candidate System Conf fgurat Ions 



AIRESEARCH MflNUMCTURlNS COMPANY 
Of CALIFORNIA 


74 - 10996 ( 7 ) 

BEPRODUCmiLm- OB* Tm Page 2 

TI- *' ■' ' 












room return air and ambient air temperatures are those specified by the Air 
Conditioning and Refrigeration Institute CARI ) for the purpose of rating 
air conditioners. All screening analyses were performed for a 10.5-kw 
(3“ton) air conditioner capacity. 

METHODOLOGY 


The logic used by the computer program Is Illustrated In Figure 2. Bas- 
ically, the computation of component and system characteristics follows the 
approach described In Reference 2. Cycle parameters defining the conditions 
of the refrigerant within the power and refr i geration loops of the heat 
exchangers are used to perform thermodynamic analyses. In these computa- 
tions, It is essential that the efficiencies of the turbine and compressor 
be estimated accurately and that the speed of these two components be matched 
to provide realistic refrigerant conditions through the loop and also to assure 
design teas ib i I Ity for the turbomachinery. For this purpose, generalized 
compressor and turbine performance models were used in the computer program. 


The efficiency of a single-stage centrifugal compressor can be determined 
by analytical and experimental data correlated in terms of the following 
parameters; ' 


(a) 

Adiabatic head 

(d) 

Tip mach 

number 

(b) 

Adiabatic head coefficient 

Ce) 

Reynoi ds 

number 

(c) 

Specific speed 
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Figure 2. Methodology Used in Screening Analyses 
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The data of Figure 3 show the achievable efficiency of centrifugal com- 
pressors plotted as a function of specific speed and tip Mach number. The plot 
is based on experimental data extending to specific speeds as low as 0,02. The 
data are representative of recent machines that feature efficient exit diffusers 
and are fabricated using modern techniques to minimize friction losses by smooth 
surface finishes and assure high volumetric efficiency by maintaining close 
tolerances throughout. These fabrication constraints do not preclude low produc- 
tion cost as evidenced by present reciprocatl ng engine turbocharger technology. 

The efficiency plot of Figure 3 corresponds to impeller diameters larger 
than 10.2 cm C4 in.) and Reynolds numbers higher than 10^. For smaller com- 
pressor sizes and lower Reynolds numbers, the efficiency obtained from Figure 3 
must be corrected to account for additional losses. The size correction factor 
also derived from empirical correlation is shown in Figure 4. The Reynolds 
number correction factor can be computed by 

J-'il 

VW \Re / 

where T] [s the corrected efficiency and "H* is the efficiency determined for 
Re > 10^. 



SPECIFIC SPEED, N,. 

( 
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Figure 3. Generalized Centrifugal Compressor Efficiency 
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Figure 4. Effect of Impeller Size on Centrifugal Compressor 
Stage Ef f iciency 
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As for the centrifugal compressor, radial reaction turbine data have been 
collected from published literature. These data were correlated and the gener- 
alized plot of Figure 5 was prepared. The data below 50 percent represent 
extrapolation of the test data. Actually, the range of designs used in the 
screening analysis is well above 50 percent; the reason for the extrapolation 
is stability of the iterative computer calculations. 


The efficiency data of Figure 5 apply to machines with Reynolds numbers 
larger than 200,000. For lower Reynol ds numbers, a correction factor must 
be applied as follows: 


l-'H 

l-tl* 


/ 


0.4 + 0.6 4 


Re 


\ 200,000 


- 0.2 


where Tl is the corrected turbine efficiency and Tl* is the value obtained from 
F i gure 5 for Re > 200 , 000. 


Through an iterative procedure designed to match the compressor and turbine 
speed and power, the computer program determines the system flows, refrigerant 
conditions, and the system COP. These refrigerant data, or cycle data, are then 
used together with specified interface and heat exchanger approach temperatures 
to generate problem statements for the heat exchanger, fans, and pumps. The 
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characteristics of these components are then determined in terms of parameters 
that can be related to cost. Finally, the models described in Reference 3 are 
used to determine component and overall system cost. 

ASSUMPTIONS ■ 

A number of assumptions were made In order to develop relatively simple 
but sufficiently accurate techniques for the characterization of the components 
and the entire system. These assumptions are summarized In Table 1. Most of 
the data concerned with component characterization were derived from commercial 
equipment catalogs and are representative of typical design conditions for this 
type of equipment. The equipment cost models are substantiated in Reference 3. 
The system cost model used Is also from the same document; equations used In 
the computer, program are as fol lows: ; 

System factory cost = 1,65 (S major component costs) 

User's cost = 6.13 (S major component costs) 

COMPUTER L 1ST I NG 

A listing of the computer program Is presented In Appendix A, which also 
includes the nomenclature of the Input data. The program was written in 
Fortran V language for use on the UN I VAC 1108 computer. Examples of the 
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MftJOR ASSUMPTIONS FOR CO! 


Cycle analysis 

i 

1- Refrigerant properties from publication, by Allied Chemical, "Genetron 11 
Thermodynamic Properties", 1957. 

2. Saturated vapor and liquid properties used in table form. 

3. Vapor and liquid refrigerant assumed ideal fluids with cp vapor = 

586.6 J/ka K (0.14 Btu/lb F) and cp liquid = 879.9 J/kg K CO. 21 Btu/ 
lb F). 

4. R-1 1 saturated vapor at boiler and evaporator outlet; saturated liquid 
at condenser outlet. 

5. Heat exchanger pressure drop on refrigerant side assumed 5 percent of 
inlet pressure. 

6 . Turbocompressor mechanical losses assumed 10 percent of turbine power. 

Dry condenser 

1. Heat transfer surface: 0.95-cm (3/8-tn.) dia copper tubes with wavy 

aiumlnum fins. Tube pitch: triangular on 1-in. center. Core 

density: 560 kg/m3 (55 Ib/ft^). 

2. Overall heat transfer coefficient: 669.6(w/K5 tube row/m^ of face area 

(118 3tu/hr F) tube row/ft^ of face area; data from commercial units at 
face velocity of 2.54 m/sec (500 ft/mlnl. 

3. Air-side pressure drop: AP = 21.9 (no rows)*^*^^^ N/m^ (0.088 

(no rows) 0.746 in. H 2 O); data from commercial unit at face velocity 
of 2.54 m/sec (500 ft/min^). 

4. Wrap-up factor; 10 percent of core weight; typical of commercial 
equipment. 

5. Cost: $ 1.67/kg ($0.76/ lb tot.) 

Evaporative 

condenser 

1. Heat transfer surface: copper tubes with extended surface inside; tube 

thickness: 0.41 mm (0.016 in.). 

2. Evaporative side heat capacity, q, w = 0.506 AhA, where Ah, J/kg, is the 
log mean difference between the enthalpy of air at the metal temperature 
and the enthalpy of air at inlet and outlet conditions, and A is the 
surface area in m2 (In english units q, Btu/hr = 373Ah(Btu/lb) A(ft2)). 

3. Condensing coefficient is taken as 1702 w/Km^ (300 Btu/hr ft^F). 

4. Air-side pressure drop taken as 124.4 N/m^ (0.5 in. H 9 O) . 

5. Cost = $5 /kg ($2.3/1 b) of core weight. 

6 . Pump cost; $40 fixed. 

Humidifier/ 

condenser 

1. Condenser sizing based on same assumptions as dry condenser above. 

2. Humidifier performance; effectiveness of 90 percent assumed; (Tdb in - 
Tdb out)/ (Tdb in - Twb) = 0.9 

3. Humidifier pressure drop taken as 24.9 N/m^ (0.1 in. H 2 O). 

4. Humidifier cost: 0.2 (condenser cost). 

L i qu id 
condenser 

■ 

T. Heat transfer surface; copper tubes; tube thickness: 0.41 mm 

(0.016 in.). 

2. Condensing side heat transfer coefficient controlling, h = 1135 w/Km^ 
(200 Btu/hr ft^F). 

3. Wrap-up factor: 2,0 

4. Cost; $3. 3/kg tot ($1.53 Ib tot). 


FOLDODT 
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LE I 

PONE NT AND SYSTEM DESIG'J 


Cool T ng tower 


1 . 

2 . 

3. 

4. 


Boiler 


Freon pump 


Water pumps 


Fans 


Motor 


Evaporator 


1 . 

2 . 

4. 


1 . 
2 , 

3. 

4. 

5. 

1 . 

2 . 


2 . 


3. 


4. 

5. 


Water outlet temperature assumed in the system calculations. 

Fan power: PW in watts = 10.1 Q where Q in kw (PW In watts = 2.96 x 

10"3 0 where Q "n Btu/hr); typical of commercial cooling towers. 
Water pump power: PW in watts = 6.5 Q where Q In kw (PW ifi watts = 
1.9 X 10"3 Q where Q in Btu/hr); typical of commerical equipment. 
Cooling tower cost: $(40 + 6.5Q) where Q in kw, $(40 + 1.905 x 

10“3q where Q In Btu/hr). 


Heat transfer surface: Copper tubes with extended surface inside; 

tube thickness: 0.41 mm (0.016 in.). 

Boiling side heat transfer coefficient is controlling; h = 1135 w/K 
m2 (200 Btu/hr ft^). 

Cost: $3, 3/kg tot. ($1 .53/lb tot. ) . 


Wet motor design- 

Pump efficiency: 50 percent. 

Pump cost: $40 (fixed value). 


Same efficiency and cost as above. 


Axial flow blowers 

APjoT. N/m2 = 4/3 APg t 37 (4/3 AP + 0.15 In. H 2 O) . 

Fan efficiency: 70 percent; motor efficiency; 70 percent. 

Fan weight: See Figure 5 of Reference 3. 

Fan cost: $1 .9/kg ($0. 88/lb) 


Motor efficiency: 70 percent 

Motor cost = $(10 +32.5 kw) where kw is output power. 


Heat transfer surface: 0,95-cm (3/8-In. ) dia tubes with wavy 

aluminum fins; tube pitch; traingular on 1-in. center; core 
density: 560 kg/m 3 (35 lb/ft’3). 

Overall heat transfer coefficient: (1) dry portion, 669.6 (w/k)/tube 

row/ of face area (118 Btu/hr F/tube row/ft^ of face area; (2) wet 
or condensing portion, U = 1870 (w/k)/tube row/m^ of face area (330 
Buf/hr F/tube row/ft^ of face area). Data from commercial units at 
face velocity of 2.54 m/s (500 ft/min). 

Air-side pressure drop, AP = 21.9 (no rows) N/pr^, (0.088 (no 

rows)0-7^6 in. H 2 O) for dry portion; for wet port io;:AP increases 
by factors of 1.36. Data from commercial units at face velocity of 
2.54 m/sec (500 ft/min). 

Wrap-up factor; 10 percent of core weight. 

Cost: 1.67/kg tot ($0.76/1 b tot). 
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computer input and output are presented in Appendix B for the four system 
concepts defined in Figure 1. The output data include: 

(a) t^efrigerant temperature, pressure, ethalpy^ flow rate, and density 
at the system stations defined in Figure 1 

(D) Heat exchanger flows, temperatures, heat loads, and UA requirement 

(c) Heat exchanger weight and cost 


td) Fan character ist ics including flow, pressure rise, and power 


(e) WetDulD temperature of the air at inlet and outlet of the evaporator 
and condenser where applicable 

(f) Cycle characteristics: power loop efficiency, refr i geratlon loop 

COP, and overall system COP. COP is defined as follows: 


Refrigeration loop COP - 


refrigeration load 
Compressor power input 


Overal I 


system COP = 


ref ri geratlon load 
boi ler heat input 


(g) Turbine and compressor characteristics: efficiency, impeller diameter 

and speed 

(h) Eleictric power requirements for the fans and pumps 

(g) System cost data 

The program was written using the english system of units as defined In the 
nomenclature and the output data printouts. 

SCREENING ANALYSIS RESULTS 

As mentioned previously, four condenser arrangements defined as concepts A 
through D were investigated. Design point data were generated for a range of 
cycle conditions (refrigerant temperatures) and heat exchanger approach tem- 
peratures, Temperature profiles through the system heat exchangers 1 1 I ustrating 
approach temperature in terms of fluid inlet and outlet temperatures are shown 
in Figure 6. The schematics and plots shown depict counterf low heat exchanger 
configurations. This, arrangement was used for illustration purposes only. In 
practice, the heat exchangers wi 1 1 generally be of a cross-counterf low design. 
However, the approach temperature remains a major design factor in determining 
the size of heat exchangers of any flow cortflgurat ion. 

The system characteristics obtained by computer analysis were plotted In 
terms of the significant design parameters and are discussed below. The condi- 
tions listed in Table 2 were used for purposes of comparison- Data presented 
later show the sensitivity of the system to water temperature at boiler inlet 
as high as 300 F, 
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Figure 6. Typical Temperature Profiles 
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TABLE 2 


BASELINE DESIGN CONDITIONS 


Parameter 

Design Condition 

Water inlet temperature to the boiler 

366.5 K (200 F) 

Ambient air drybulb temperature 

508.2 K (95 F) 

Ambient air wetbulb temperature 

297 K (75 F) 

Room return air drybulb temperature 

299.8 K (80 F) 

Evaporating temperature 

280.4 K (45 F) 

Room return air wetbulb temperature 

292.6 K (67 F) 

System capacity 

10.5 kw (3 tons) 


Concept Aj.: Arfibl<3nt A i r Condenser 

The schematic of Concept A is presented in Figure 7 below. Parametric 
performance and cost data are shown in Figure 8. 


WATER FROH 
STORAGE TANK 



t t t 


AIIBiENT AIR 
3QS.ZK (Sf F)db 
297K (75 


Figure 7. Concept Aj Ambient Air Condenser 
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■^EVflP = 2B0.^K (i,5F) 

^B0|LING= 355.ilK (jeOF) 

APPROACH TEMPERATURES: 

5-56K (10F) 

INTERFACE CONDITIONS: SEE TABLE 2 


Tboilino' (IBOF) 

TcoND- 319-3K C115F) 

■^EVAP- 

BOILER AND EVAPORATION APPROACH 
TEMPERATURE; 5-56K (10F) 

COP - 0.305 

INTERFACE CONDITIONS: SEE TABLE 2 



SIO 320 330 31,0 

CONDENSING TEMPERATURE, OR 

t I 1 I 

100 no 120 130 

CONDENSING TEMPERATURE, °F 

a. Effect of Condensing Temperature 



Tgyj^p .• 280, AK (L5F) 

W-- 319-3K C115F) 

APPROACH TEMPERATURES: 

5-56K (IDF) 

INTERFACE CONDITIONS: SEE TABLE 2 






1 • Effect of Condensing Temperature (Fi.qure Sa) 


The condenser and its fan constitute the moist sensitive equipment in terms 
of system cost, size, and electrical power. While the system COP increases at 
low condensing temperature, resulting in lower boiler and condenser heat loads, 
the lower AT (condensing temperature - air temperature) potential for heat trans- 
fer with a fixed ambient air heat sink overshadows this effect. As a result, both 
system power (with condenser fan as the main contributor) and system cost 
increase rapidly as the design condensing temperature drops below about 320 K 
(115 F). At that condensing temperature and for the conditions listed on the 
figure, the overall system COP will be about 0,3. 

The sensitivities of these parameters at a condensing temperature of 319 K 
(115 F) calculated in terms of condensing temperature are as follows: 

COP sensitivity: -G.017/K (-0.0092/F) 

Power sensitivity: -0.12 kw/K (-0.065 kw/F) 

Cost sensitivity; -$190/K (~$104/F) 

An overall system- level trade can be performed involving system COP and cost 
because both COP and cost increase as condensing temperature drops. However, 
at 319 K (115 F), a 0.1 improvement in system COP will cost $1120; this repre- 
sents a prohibitive cost increase for higher performance. A condensing tempera- 
ture of 319 K (115 F) appears about minimum for this type of system designed for 
the conditions listed in Figure 8a, 

2. Effect of Condenser Approach Temperature (Figure 8b) 

The condenser cooling airflow w can be approximated by 

Q _ Q I 

^ " Cp AT^. cp ^ . )-AT T 

air ^ cond air in approach 

where 0 is the condenser heat load, cp Is the specific heat, of the cooling air, 
and is the condensing temperature. Reference Is made to Figure 6 for 

definition of the approach temperature, AT approach, in terms of the fluid 
temperatures at inlet and outlet of the condenser. As shown by this correlation 
and plotted in Figure 8b, the cooling airflow through the condenser increases 
rapidly with increasing air temperature for fixed values of the condensing and 
ambient air temperatures. This effect overshadows the low condenser UA 
requirements and smaller condenser size because the thermal design requirements 
are relaxed at higher approach temperature. For example, the condenser 
required at 4.2 K (7.5 F) and 8-3 K (15 F) approach temperatures are estimated as 

50 KJ/sec (8810 Btu/hr ft^ F) and 68.2 kJ/sec m^ K (12,000 Btu/hr ft^ F), 
respectively. As a result, system cost and electrical power requirements will 
Increase with the condenser design approach temperature. In terms of system 
cost and electrical power requirements (and also detail design of the condensing 
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heat exchanger), an approach temperature of 5,6 K (10 F) appears to be a 
reasonable compromise for the operating conditions noted in Figure 8b. 

3, Effect of Boiling Temperature (Figure 8c) 

The cost and power dependancy on boiling temperatures are relatively 
mild by comparison to condensing temperature. In this case, the major effect 
is the most favorable system operating conditions (higher COP) obtained at 
higher boiler temperature. As the boiling temperature increases from 344 K 
(160 F) to 355 K (180 F), the quantity of heat processed at the condenser 
decreases from 60.4 kw (206,300 Btu/hr) to 44.9 kw (153,100 Btu/hr) for a 
10.5-kw (3-ton) capacity air conditioner. This effect is reflected in the 
plot of Figure 8c. 

The sensitivity of the system characteristics to boiling temperature 
(around 355 K (180 F}) are; 

COP sensitivity; +0.008/K (0.0044/F) 

Power sensitivity: -0.035 kw/K (-0.019 kw/F) 

Cost sensitivity: -$60,4/K (-$33.6/F) 

These data show that the COP sensitivity due to boiling temperature is about 
one-half of that due to condensing temperature, while power and cost are only 
one-third as sensitive. 

The plot of Figure 8c shows that high boiling temperature Is highly 
desirable. Boiler design considerations, however, limit the boiling tempera- 
ture to about 258.2 K (185 F) with a water inlet temperature of 366.5 K (200 F) 

4. Effect of Boiler Approach Temperature (Figure 8d) 

The boiler anproach temperature has only a negligible effect on system 
cost and electrical power requirements. The only significant effects are 
system level considerations such as water flow rate and thermal energy storage 
tank thermal management. For a fixed water temperature at boiler inlet of 
366. 5K (.200 F), a lower approach temperature will reduce the hot water flow 
considerably and enhance thermal energy utilization if adequate stratification 
is provided in the water storage tank design. This presents significant sys- 
tem operational advantages because water at a high temperature level will be 
available for a longer period. 

With a fully mixed tank, the only advantage of a lower approach temper- 
ature is the lower pump flow required. However, a higher boiler effectiveness 
will be required. Detail design studies of the boiler will be necessary in 
final selection of the bo i ler approach temperature,. For the conditions noted 
near the selected design point, an approach of 4.2 K (7.5 F) appears acceptable 
in view of the high heat transfer coefficients achievable on both sides (water 
and R-11 side) of this unit. 
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5. Effect of Evaporator Approach Temperature (Figure 8e) 

I The evaporating temperature was fixed at 280.4 K C45 F) for all system 

concepts considered. This represents a maximum value to provide for latent 
heat removal and control of humidity within the air conditioned space. Data 
similar to that presented previously are shown in Figure 8e . As, shown, the 
evaporator approach temperature has only a relatively smaH effect on overall 
system cost and power requirement. The only limiting factor is the evaporator 

_ airflow rate, which exceeds the ARI specification of Q.054 (m^/s6c)/kw (400 

cfm/ton) at approach temperatures higher than 9 K (16 F). An evaporator 
approach temperature of 5.6 K (10 F) appears reasonable in view of the thermal design 
of the evaporator and the ARI flow limitations. 


■^BOtLING^ 355.<.K080F) 

^C0HD.= 319-3K (11SF) 

i 280.iifl {^5F) 

BOILER AHD CONDENSER APPROACH 
TEMPERATURE: 5-5SK (10F) 

INTERFACE CONDITIONS: SEE TABLE 2 

COP; 0.305 



I ^ I I- I 1. , J 

0 5 10 15 20 25 

F 


EVAPORATOR APPROACH TEMPERATURE 


Figure 8e. Effect of Evaporator Approach Temperature 
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Previous discussions have been concerned with the characteristics of 


the system as a function of cycle parameters and heat exchanger thermal design. 
As a result of these discussions, a design point was selected for Concept A 
equipment corresponding to the interface data of Table 2. The characteristics 
of this system and its components are listed in Table 3. 


Concept B, Humidified Ambient Air Condenser (Figure 9) 


Examination of the computer data for Concept B shows a dependence of system 
character istics on boiling temperature simi 1 ar to that for Concept A. Further- 
more, the boiler and evaporator approach temperatures have only a mild effect 
on overall air conditioner cost and power requirements at conditions near the 
selected design point for this concept. The major parameter affecting cost, 
power, and COP is again the condensing temperature and the condenser approach 
temperature. The relationships between these factors are shown in Figure 10. 


WATER FROM 
STORAGE TANK. 



AMBIENT AIR 
308. 2R (95 F)db ' 
297 K (75 F)wb 


i 


Figure 9. Concept B, Humidified Ambient Air Condenser 
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TABLE 3 


SYSTEM AND COMPONE^^■■ CHARACTER 1 ST 1 CS FOR CONCEPT A 


OBsrgn Condlttona 

Capacity: I0.55 kw C3 tons) 

Hot water supply temperature : 366,5 K (200 F) 

Ambient temperatures: 308.2 K (95 F) db, 297 K (75 F) wb 
Conditioned air return temperatures: 299, BK (80 FI db, 292,6 K (67 F) wb 

Overal I System Parameters 





cop; 0,519 





Electrical pcwer requirements: 1.46 

kw 




User's cost: S3970 





Cycle Data 





Bolling temperature : 358.2 K (185 F) 




Condensing temperature: 510.9 K (100 F) 




Evaporating temperature: 280.4 K (45 F) 




Power loop efficiency; 10 percent 





Refrigaratlon loop COP: 5.75 





Overall CQP: 0.519 





Equipment Data 

I . Heat Exchangers 

Boiler 

Condenser 

Evaporator 

Humidifier 

Heat load, kwCBtu/hr) 

20.3 (69,130) 

31.0 (104,600) 

10.55 (63,000) 

38.2 (130,5001 

UA, kw/m^K CBtu/hr ft^ F) 

36.2 (6390) 

38,1 (6705) 

, - 

- 

Co 1 d f 1 u i d 

R-II 

Humidified air 

R-ii 

Water 

inlet temperature, KCF) 

311.7 (101.3) 

298.2 (77) 

280.4 (45) 

294.3 (70) 

Outlet temperature, KCF) 

358.2 CJ85) 

305.4 C90) 

280.4 (45) 

■ - 

Flow rate, kg/secCIb/hrl 

0.102 (BOB) 

- 

0,066 (520) 

.015 (122) 

m^/sec tcfm) 

- 

3.67 (7780) 

- 

- 

m'^/sBc Cgpm) 

- 

- 

- 


Hot fluid 

Water 

R-l 1 

Return air 

Ambient atr 

inlet temperature, KCF) 

366.5 (200) 

332. 1 (120,1) 

299.8 (80) db 

308.2 (95) db. 




292.6 K (67) wb 

297 (75) wb 

Outlet temperature, KCF) 

362.3 (192.5) 

310,9 (100) 

285.9 (55) db, 

298.2 (77) db. 




285 (53.4) wb 

297 (75) wb 

Flow rate, kg/sec Clb/tir) 

- 

0.160 (1328) 

- 

- 

. m^/sec Ccfm) 

- 


0.40 (850) 

3.67(7760) 

tn^/sBC (gpm) 

0.0012 (18.4) 

“ 

- 

- 

2. Turbomachines 







Turbine 

Compressor 


Ftow,kg/sec CIb/hr) 


0.102 (808) 

0.066 (520) 


Inlet pressure, k H/m^ (psia) 


592.9 (86) 

55.16 CB) 


Pressure ratio 


3.47 

3.1 


Diamater, cm CInl 


4.93 CI.94) 

5.69 (2.24) 


Speed, rpm 


61,7(6 

61, ’’le 


Efficiency, % 


78.9 

72.5 


3. Blowers end Pumps 






Condenser 

Evaporator 

Freon 

Water 

■ 

Blower 

Blower 

Pump 

Pump 

Flow, kg/sec t!b/hr) 


- 

0.102 (808) : 

0.152 (1200) 

m^/sBc Ccfjnl 

3.67 (7780) 

0.40 (850) 

- 

- 

Inlet pressur, k N/m Cpsiel 

101.5 (14.7 

101.3 (14.7 

162.6 (23.6) 

101.3 (14.7) 

Pressure rise, N/m^ (in, H_01 

147 (0.59) 

214 (0.86) 


• 

Pressure ratio 

- 

- 

3.83 

2 

Electrical power, kw 

• 1,11 

0.180 . 

0.064 

0.i05 
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a. Effect of Condensing Temperature 
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b. Effect of Condenser Approach Temperature 


Figure 10.- Parametric Data for Concept B 
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Effect of Condensing Temperature 


!n this case, the ambient air dry bulb temperature Is reduced by about 
10 K (18 F) from 308.2 K (95 F) by adiabatic humidification upstream of the 
condenser. As a result, significantly lower condensing temperatures can 
be achieved without significant cost and power penalties. As shown In 
Figure 10a, condensing temperatures of 310.9 K (100 F) can be used for design, 
corresponding to a COP of 0.48. This represents a 50 percent increase 
over Concept A. Concept B also results in significant cost savings (about 
12000 for a 10.5-kw (3-tori) unit) and a 20 percent savings In fan/pump power 
requirements. 

As the condensing temperature drops below 310.9 K (100 F), both system 
cost-to-the-user and system power increase rapidly, although the performance 
of the .system Improves. Again, in this case this effect is due to the much 
higher condenser airflow rates necessary at lower condensing temperatures. 

The cost increase associated with the higher COP at a condensing temperature 
of 310.9 K (100 F) is estimated at $780 for O.i Increase in COP. Tentatively, 
a condensing temperature of 310.9 K (100 F) is selected for this approach. 

2. Effect of Condenser Approach Temperature 

This effect is depicted in the plot of Figure 10b for conditions repre- 
sentative of system design point. Again, the condenser airflow required 
increases rapidly with approach temperature above a AT approach of 5.6 K 
(10 F). The higher heat exchanger effectiveness and weight required at low 
approach temperature is more than offset by the much lower cooling airflows 
necessary. There are no apparent problems in designing the condenser for 
a 5.6 K (10 F) approach. 

3 . System and Component Characteristics 

Table 4 summarizes the characteristics of the system (and its components) 
identified as Concept B and shown schematically in Figure 9. Design point 
conditions are listed in the table. Boiling temperature is taken as 358.2 K 
(185 F) for a boiler approach of 4.2 K (7.5 F); evaporating temperature is 
280.4 K (45 F) for an evaporator approach of 5.6 K (10 F). The condensing 
temperature is 310. 9K (100 F) for an approach of 5.6 K (10 F). Under these 
conditions, system COP is 0.480. 

Concept C, Evaporative Condenser (Figure 11) 

A schematic of this arrangement Is shown in Figure 11. Water is sprayed 
on the tubes of the condenser where it evaporates. The vapor formed is entrained 
by the airstream through the unit. The air is only used as a means for evapor- 
ating water. At inlet, near-adiabatic saturation wi I I reduce the drybuib 
temperature of the air to about 298.2 K (77 F). As the air drybuib temperature 
increases through the unit, its capacity for water vapor increases rapidly. 

At outlet, the drybuib temperature of the atr exiting the condenser is lower 
than at i n let. 
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TABLE 4 


SYSTEM AND COMPONEhfT CHARACTERISTICS FOR CONCEPT B 


Design Conilt't'toiiB 

Capacity; 10.55 kw 13 tonsl 

Hot water supply temparature: 366,5 K C2QD F) 

Fjnblent temperatures; 3QS.2 K (95 F) db, 297 K (75 F) wb 

Conditioned air return temperatures: 299 .8 K (SC F) db, 292.6 K (67 F) wb 

Qyera 1 1 System Parameters 
COP: 0.326 

Electrical power requirements: 1.72 kw 

User's co st: 5563Q 

Cycle Data 

Boiler temperature: 358.2 K (185 F) 

Condenser temperature: 319.3 K (115 F) 

Evaporator temperature : 280.4 K F) 

Power loop efficiency; 8.5J 
Ref rlgaration loop COP: 4.27 
Overall COP; 0.326 


Equipment Data 


1 . Heat exchangers 

Boiler 

Condenser 

Evaporatt., 

Heat load, kw CBtu/hrJ 

32.5 (110,100) 

42.6 (145,500) 

10.55 (36,000) 

UA, kw/m^K CBtu/hr ft^ F) 

57.9 (10,200) 

57.3 (10,100) 

“ 

Cold fluid 

R-l! 

Ambient air 

R-l I. 

Inlet temperature, K(F) 

319.9 (116,2) 

308.2 (95) 

280,4 (45) 

Outlet temperature, K(F) 

358.2 (185) 

313.7 (lOS) 

280.4 (45) 

Flow rate, kg/sec (Ib/hrl 

0.169 (1337) 

- 

0.069 (545) 

mV SBC tcfml- 

- 

6^63 (14,050) 


m /sec (gpm) 


" 

■- 

Hot fluid 

Vlater 

R-l 1 

Return air 

Inlet temperature, KCFl 

366.5 (200) 

330.2 (134.6) 

299.8(80) db,292.6 
(67) wb 

Outlet temperature, K(F1 

362.3(192.5) 

' 

319,3 (IIS) 

285,9(55) db, 285 
(53.4) wb 

Flow rate, kg/sec (ib/hr) 

- 

0.23B (1882) 

-* 

fflVsec (cfm) 

- 

- 

0.4 (850) 

fflVsec (gpm> 

0.0019 (29.3) 

- 

- 

2. Turbcmachlnes 





Turbine 

Compressor 


Flow, kg/sec (Ib/hrl 

0.169 (1337) 

0.069 (545) 


Inlet pressure, kN/m . (psla) 

592.9 (86.01 

55.16 (8.0) 


Pressure ratio 

2.66 

4.04 


Diameter, cm (In.) 

4.63 (1.82) 

6.70 (2,641 


Speed, rpm 

58,720 

58,720 


EftlcTency, percent 

0.61 

0.71 


3. Blowers and Pumps 





Evaporator 

Condenser 

Freon 


Slower 

Blower 

Pump 

Flow, kg/sec (Ib/hr) 


- 

0.169 (1337) 

mVsEC Ccfm) 

0.4 (848) 

6.63 ( 14,050) 


In lot pressure, kN/m (psta> 

101.3 (14.7) 

101.3 (14. 7j 

212.4 (30,8) 

Pressure rise, N/m^ CIn.HjO) 

214 (0.06) 

102 (0.41) 

- 

Pressure ratio 

- 

- 

2.93 

Electrical power, kw 

0.18 

1.45. 

0.1 
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In Concept B, the water-carrying capacity of the condenser airstream 
is limited by the wetbulb temperature of the air at inlet 297 K (75 F), 
and condenser cooling Is affected essentially by sensible heat transfer. In 
Concept C, the water capacity of the air Increases through the heat exchanger 
as the drybulb temperature of the air increases. Also, much higher heat trans- 
fer coefficients can be achieved by water evaporation on the surfaces of the 
condenser tubes. 

Parametric data generated by computer indicate that the boiler and 
evaporator approach temperatures have only minor effects on the overall system 
cost and electrical power requirements. As before, these parameters were 
selected as 4.2 K (7,5 F) and 5.6 K (10 FJj, respectively. For maximum COP, a 
boiling temperature of 358.2 K (185 F) was selected. 

1 . Effect of Condensing Temperature 

Figure 12a shows system cost and power requirements as a function of con- 
densing temperature for two values of the approach temperature, 5.6 K (10 F) 
and 8.3 K (15 F), At condensing temperatures above about 314 K (105 F), cost 
and power are about the same for the two values of the approach temperature. 

At lower condensing temperatures, the lower approach yields preferable char- 
acteristics. Further, in order to achieve a condensing temperature as low 
as 305.4 K (90 F) with attendant high COP (0.66), the lower approach is 
necessary. 


WATER FRGH 

storage tank 



Figure 11. Concept Evaporative Condenser 
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COOLING AIRFLOW, 1000 CFM 





L 


_L 


_L 


90 , 10i> no 120 130 

CONDENSING TEMPERATURE, ”F 


^ g 

o 

Csz 

UJ —• 
IS -LO 
O 

_J cn 
< o 
o fj 

£3^ Co 
f— " 
t_a d£ 
UJ ijJ 

—I to 

tu 


■^BOILING =* ClSOF) 

■^EVAP “ 

BOILER AND EVAPORATOR APPROACH 
TEMPERATURE; 5-5GK (lOF) 

CONDENSER APPROACH 
TEMPERATURE: (SEE NOTE ON FIGURE) 

INTERFACE CONDITIONS; SEE TABLE 2 


a. Effect of Condensing Temperature 


20 |- 


15h 


10 


5 - 
0 - 



CONDENSER APPROACH TEMPERATURE, °K 

I I I L I I 

0 5 iO 15 20 25 

CONDENSER APPROACH TEMPERATURE, “f 


3 

^ o 
^ o 

tiJ ^ 
§ ^ 
J- 

_J <5 


^BOILING =^55.4K (180F) 

Tevap - 280. 4K (45F) 

■^CONO " 

BOILER AND EVAPORATOR APPROACH 
TEMPERATURE =■ 5-56K (lOF) 

INTERFACE CONDITIONS: SEE TABLE 2 


S -9 769 7 


b. Effect of Condenser Approach 
Temperature 


Figure 12. Parsmetric Data for Concept C 
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2. Effect of Condenser Approach Temperature 

In this case, the approach temperature is defined as the difference 
between the condensing femperature and the wetbulb temperature of the air at 
condenser outlet. As the approach temperature increases, both cost and 
power requirement increase since more air is required to carry the water load. 
The optimum occurs at an approach temperature of about 5.6 K (10 F) with a 
condensing temperature of 305.4 K (90 F). Thus, with a condenser temperature 
of 305.4 K (90 F), the temperature of the air at condenser outlet will be 
299.8 K (80 F) — wetbulb and drybulb. The system cost and power are con- 
siderably lower than either Concepts A or B over the range investigated, 

3 , System and Component Characteristics 

Table 5 lists the significant system character Istics and component pei — 
formance for the design of the system corresponding to the schematic of 
Figure 11. The data are presented for a condensing temperature of 305.4 K 
(90 F), a boiling temperature of 358.2 K (185 F), and an evaporating temperature 
of 280.4 K (45 F). System overall COP is 0.691 — a considerable improvement 
over the two concepts (A and B) discussed previously. 

Concept D, Water Condenser/Cool ing Tower (Figure 13) 

This arrangement also has the potential for low condensing temperature 
through the use of an efficient cooling tower. The coo! water from the cooling 
tower is used as the condenser heat sink so that condensing temperatures on 


WATSR FROM 
STORAGE TANK 



Figure 13. Concept D, Water Condenser /Coo I Ing Tower 
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TABLE 5 


SYSTEM AND COMPONE^f^ SUMMARY FOR CONCEPT C 

Design Conditions 
Capacity: 10.55 kw C3 tonsl 

Hot water supply temporature : 366.5 K »20D Fj 

Arblant temperatures: 30B.2 S (95 FI db, 297 K {75 F) wb 

ConditJonod air return temperatures: 299. B K {00 F) dt-, 292.6 K C67 F) wb 

Oeerali System Parametors 
CCP: 0,691 

Electrical pcwor requirements; 1.15 kw 
Osar's cost: S3Q55 

Cycle D&r-tt 

Boiling temperature: 350.2 K (105 F) 

Condensing temperature : 305:4 (\ (90 F) 

Evaporating temperature: 2B0.4K {45 F) 

Power loop efficiancy: Q.IQ8 
Rofrigcratlon loop CCP; 7.12 
Overall CCP; 0.69! 


Equipment Data 



ler 

Condenser 

Evaporator 

Ffeiit loqi), kw (3tu/hr) 

14.4 C5 1,950) 

24.3 (87,560) 


5.56 (36,000) 

UA, kw/n‘ K CBtu/hr ft^FJ 

27.2 C4800 

. 


- 

Cfltd fluid 

R-1 1 

Air and evaporated water 

R-ii 

Inlet temperature, K{f> 

3062 (91.4) 

30B.2 (95) db, 297 (75) wb 

280.4 (45) 

Outlet temperature, K(F) 

350.2 (IBS) 

299.5 (60) db, 293.8 (BO) wb 

260.4 (45) 

Flow rate, kg/sec (Ib/hr) 

0,075 (592) 

Water evap»i 0. 

010 (144.6) 

0.064 (504) 

m^/sec Ccfnl 

- 

air; 1.91 (4050) 

- 

m^/sec tgpml 

- 

- 


- 

Hot fluid 

, Water 

R.-I1 


Return air 

Inlet temperature, K{F1 

366.5 (2Q0) 

316.7 ( I 10.9) 


2SS.a (BO) db. 





292.6 (67) wb 

Cutlet temperature, K(F) 

362.3 (192.5) 

305.4 (90) 


285.9 (55) db. 





2E5 (53.4) wb 

flow rate, kg/sec (Ib/hr) 

- 

0.139 (1097) 


- 

tn^/sec (cfm) 

- 

- 


0,4 (B50) 

□■^/sec Cgpm) 

0.0009 {t3.0) 

- 


- 

2. Turbomachines 







Turbine 

Canoressor 


Flew, kg/sec (Ib/hr) 


0.075 (592) 

O.C64 (504) 


Inlet proasure, klJ/m Cpsla) 


592.9 (06) 

55.2 (8) 


Pressure ratio 


4.1 

2.62 


Diameter, cm (tn.l 


5.54 (2.18) 

5.54 (2.18) 


Epeod, rpm 


5B,470 

50,440 


Efficiency, percent 


77.1 

73.6 


3, Blowers and pumps 






Condenser 

Evaporator 

Freon 



Blower 

Blower 

Pump 


Flow, kg/sec C|b/hr) 

- 

- 

0.075(592) 

0.127 CIODQ) 

m'^/sec Ccftnl 

1.91 (4050 

0,4 caso) 

- 

- 

inlet pressure, kN/m (pstal 

I0I.3 (14.7) 

lot. 3 (14,7) 

137.8 (20) 

(101.3) 14.7 

Pressure rise, f;/m^ (In. H^O) 

204 (0.02) 

214 C0.86) 

- 

- 

Pressure ratio 



4.52 

2 

Electrical power, kw 

0.830 

0.18 

0.050 

0.006 ■ ■ 
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the order of 305,4 K (90 F) can be achieved. For water-to-air heat pumps, ARI 
standard 240 (Reference 4) specifies a water temperature at condenser inlet and 
outlet of 297 K (75 F) and 308.2 K (95 F), respectively. The 297 K (75 F) inlet 
temperature appears very optimistic in view of the 297 K (75 F.) wetbulb temper- 
ature of ambient air for air-to-air heat pumps. Further, there appears to be 
no firm basis for the 308.2 K (95 F) condenser outlet temperature other than 
limiting the water flow rate and the AT through the cooling tower, in this 
study, the cooling water temperature from the cooling tower was taken as 
299.8 K (80 F) because this temperature level is more consistant with an ambient 
air wetbulb temperature of 297 K (75 F). 

As for the three previous concepts, the boiling temperature selected in 
final evaluation was 358.2 K (185 F) to maximize COP. The approach temperatures 
at the boiler and evaporator were taken as 4.2 K (7.5 F) and 5.6 K (10 F), respec 
tively. Figure 14 shows parametric data related to the operation and design of 
the condenser. 


1. Effect of Condensing Temperature (Figure 14a) 

Both power consumption and system cost increase with condensing temperature 
primarily because: of the lower system effectiveness. In this case, however, the 
condensing heat exchanger/cooJ i ng tower constitute a very efficient heat rejec- 
tion system; thus, the impact of these components on total system cost and power 
is not as pronounced as for other competing approaches. The optimum design in 
terms of condensing temperature occurs at about 305.4 K (90 F). With a water 
temperature of 299 K (80 F) at condenser inlet, this imposes severe limitations 
on the approach temperature (as shown in Figure 14b). 

2. Effect of Condenser Approach Temperature 

The high heat transfer coefficient afforded by the water coolant loop 
allows the design of a very efficient condenser with a low approach temperature. 
The 2.8 K (5 F) approach selected- may have to be increased as a result of con- 
denser detail design investigations. However, this does not represent an 
unrealistic design point for this unit. 

3. System and Component Characteristics 

Table 6 summarizes the characteristics of the system and Its components at 
design point. Cycle operating parameters were selected as follows: 

Boiling temperature: 358.2 K (185 F) 

Condensing temperature: 305.4 K (90 F) 

Evaporating temperature: 280.4 K (45 F) 

In this case, the very low system power reflects the low pressure drop of the 
ambient air throughthe cool ing tower. The value used in the computation of 
cooling tower power was taken as representative of existing cooling tower 
equipment. 
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Figure 14. Parametric Data for Concept D 
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TABLE 6 


CONCEPT D SYSTEM AND COMPONENT SUMMARY 


Doslpn Conditions 

• 

, 




Capacity! 10.55 kw (3 tons) 

Hot ater supply tetnperaturet 3fifi.5 

K (2Q0 F) 





Ambfent temparatures; 30S,2 K C95 F> db, Z97 K (.75 F) 

wb 




Condttlonad air return temperatures: 

299.5 K (50 F) db 

, 292.6 K (67 F) wb 



Water tamperatura from cooling tower: 299.8 K CfiO F) 





Ovaral i System Parameters 






COP: 0.691 

Electrical power requi raments: 0.65 

User's cost: $3750 

kvf 





Cycle Data 






Boiling temperature; 35S.2 K U05 F) 
Condensing temperature: 305.4 K C90 F) 

Evaporating temperature: 280.4 K (45 F) 

Power loop efficiency: 10. 8 percent 





Refrigeration loop COP: 7.12 

Overall COPi 0.691 






Equipment Data 

1 . Heat exchangers 

BqI I er 

Condenser 

Evaporaior 

Heat load, hw CBtu/hr) 

!5.2 (51,950) 

25.65 (87,560) 

10.55 (36,000) 

UA, Kw/m^K (Btu/hr ft^ F) 

27,2 (4800) 

68. B (12,140) 


- 


Cold fluid 

R-ll 

Cooling tower 
water 


R-ll 


Inlet temperature, K (F) 

306.2 (9.14) 

299.8 (80) 


230.4 (45) 

Outlet temperature, K (F) 

35B.2 (185) 

302.6 (85) 


280.4 (45 

Flow rate, kg/sec ( Ib/hr) 

.075 (592) 

- 


0.064 (504) 

ro^/sec (cfm) 

- 

" 




m^/sec (gpra) 

- 

0.0022 (35) 




Hot fluid 

Water 

R-ll 


Return air 

Inlet temperature, K (Fj 

. 366.5 (200) 

316.7 Cl 10.4) 


299.8 (80) db, 292.6 
(67) wb 

Outlet temperature, K CF) 

362.3 (192.5) 

305.4 (90) 


255.9 (55) db, 285 
(53.4) wb 

Flow rata, kg/sec t Ib/hr) 


0.139 ( 109.7) 


- 


ra^/sec (cfiti) 

- 

- 


0.4 (850) 

m^/sec (gpm) 

.0009 (|3.S) 

- 


- 


2. Turbomachines 

Turbine 

Comnressor 

Flow, kg/sBC t Ib/hr) 

0.075 (592) 

0.064 (504) 




Inlet pressure, kw/m^ tpsla) 

592.9 (06) 

55.8 (8,0) 




Pressure ratio 

4.1 

.2,62 




Diameter, cm (In.) 

5.54 (2.(8) 

5.54 12 . 18) 




Speed, rpm 

50,440 

58,440 




Efficiency, percent 

77,1 

73.6 




3. Blowers and Pumps 

Cool ! ng Tower 
Blower 

Evaporator 

Blower 

Freon 

Pump 

Vfater 

Pump 

Flow, kg/sec (Ib/hr) 

- 

- 

0.075 (592) 

0.(27 (1000) 

mVsec (cfiti) 

2.61 (5000) 





Inlet pressure, kN/m^ (psla) 

. 101.3 U4.7) 

101.3 (14,7) 

157.8 (20) 

101.3 (14,7) 

Pressure rise, N/m^ (In.H,0) 

54.7 (.22) 

214 (.86) 



- 

Pressure ratio 

- 

- 

4.62 

2 

Electrical power, kw 

0.26 

0.18 

0 

05 

0.17 
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COMPARISON OF APPROACHES 
Baseline LjBr/H^O Absorption Systein 

Da+a published by Arkla (Reference 5) on the anticipated performance of 
a LIBr/HgO absorption air conditioner designed for solar application and 
featuring an evaporative condenser are summarized in Table 7. The installed 
price of such a system (including fans) is estimated at about S2500 to S3000 
(private communication from Arkla industries distributor). 

The LiBr/H20 air conditioner has been widely used in conjunction with solar 
systems and is generally acceptable as the baseline air conditioner. The four 
Rankine-cycle air conditioner concepts discussed in this report were compared to 
the LiBr/H 20 system to determine advantages in terms of overall system parameters. 
The characteristics of the Ranklne systems investigated are summarized in Table 8. 

Concept Evaluation 

Concept A, featuring an ambient air dry condenser, yields excessive system 
costs and COP's. The high condensing temperatures (319.3 K (115 F)) characteris- 
tic of this approach result in a COP of 0.33 and excessive condenser size and 
ambient cooling airflows. As a result of the low-COP high-condenser heat loads, 
high condenser effectiveness, and very high airflows, the cost of the system is 
prohibitive. 

In Concept B, a humidifier upstream of the condenser reduces the drybulb 
temperature of the ambient air and thus provides an effectively lower tempei — 
ature heat sink. With this approach, condensing temperatures of 310.9 K (100 F) 
can be achieved without excessively penal yzing the system. This reduction in 
condensing temperature improves cycle COP significantly by comparison to Concept 
A (from 0.33 to 0.52). As a result, the condenser heat load Is reduced consider- 
ably; the ambient airflow necessary for cooling also is reduced^ and finally,, 
system cost becomes more attractive. By comparison to the Arkla LIBr/H20 
system. Concept B is not competitive; COP is considerably lower (0.52 vs 0.65); 
installed cost is higher ($4000 vs $2700); and auxiliary electrical power (for 
fans and pumps) also is higher (1.5 kw vs 0.88 kw). Therefore, Concept 6 is 
rejected on the basis of all thrae evaluation criteria. 

Concept C features an evaporative condenser where water Is evaporated to 
the ambient airstream from the outer surface of the condenser tanks. As shown 
in Table 8, the Instaiied cost of this system is comparable to that of the Arkla 
LiBr/H^O used as a baseline. The condensing temperature can be reduced to 
305.4 K (90 F) with an ambient wetbulb temperature corresponding to AR I conditions 
(297 K (75 F)). The COP of Concept C is 0.69, which Is si ightly higher than 
that of the Ark I a unit (0.65). The power requirement is estimated at 1.15 kw, 
which , is si ightly higher than that of the Arkla unit. This concept represents a 
significant improvement over Concepts A and B and Is considered competitive with 
the Arkla system. Off-design performance of Concept B must be determined to 
fully evaluate the advantages of this approach by comparison to the Arkla unit. 

Concept 0 incorporates a cooling tower that provides the cold water used 
as the air conditioner heat sink. The performance of this concept as expressed 
by COP Is the same as for Concept C, 0.69. The installed cost is higher than 
Concept C. pr i mar i I y. because of the added use of the cool ing tower; power 
requirement, however, is substantially lower. 
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TABLE 7 


ESTIMATED PERFORMANCE OF WATER-FIRED ABSORPTION AIR CONDITIONER 


Cooling capacity 

10.54 kw (3 tons) 


Hot water source temperature 

363.7 K in/358. 2 K out (195 F in/185 

F out) 

Chilled water temperature 

285.9 K in/280.4 K out (55 F in/45 F 

out) 

Evaporative heat rejection 

298.7 K (78 F wb air in). 


Water consumption 

25.2 p.m^/sec (24 gal/hr) 


Coefficient of performance 

0.65 


Electrical consumption 

875 Watt'S maximum 



TABLE 8 


COMPARISON OF APPROACHES 


Capacity; 10.55 kw (3 tons) 

Hot Water supply temperatures: 366.5 K (200 F) 

Ambient air temperatures: 308.2 K (95 F)db, 297 K (75 F)wb 
Conditioned air temperatures; 299.8 K (80 F)db, 292. 6 K (67 F)wb 

Parameter 

Dry 

Condenser 
(Concept A) 

Humidifier 
(Concept B) 

Evaporative 
Condenser 
(Concept C) 

Coo ling 
Tower 

(Concept D) 

Condensing 
temperature, K(F) 

319.3 (115) 

310.9 (100) 


305.4 (90) 

305.4 (90) 

Condenser 
(cool ing tower) 
airflow, m^/sec, 
(cfm) 

6.63 (14,050) 

3.67 (7780) 

• 


1.91 (4050) 

2.61 (5000) 

Boi 1 er water flow, 
m^/sec (gpm) 

0.0019 (29.3). 

0.0012 (18. 

4) 

0.0009 (13.8) 

0.0009 (13.8) 

Evaporator 
airflow, m^/sec 
(cfm) 

0.4 (850;) 

0.4 (850) 


0.4 (850) 

0.4 (850) 

COP 

0.326 

0.519 


0.691 

0.691 

Electrical power 
requirements, kw 

,1.72 

1.46 

■ 

1.15 

0.65 ■ 

User’s cost, 
dollars 

5630 

3970 


3055 

3730 
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Detailed Investigations of Concept D are warranted to verify by detailed 
analysis the system cost obtained using the cost model deve I oped ear I ier in 
this program. 

Operation at Higher Boiler Temperature 


While the COP of the absorption system remains about the same over a wide 
range of heat source temperatures, the RankI ne-powered air conditioner per- 
formance increases significantly at higher boiler temperature. The data of 
Figure 15 show this effect, COP’s as high as 1.0 can be obtained at a water 
temperature at boiler inlet of 422 K (500 F). This temperature level could 
be obtained with a low-performance concentrating collector without sun tracking 
features. The high COP, relatively low cost, and reasonable power requirements 
seem to warrant further investigations at temperature levels higher than con- 
sidered under the present contract. 


SYSTEM ARRANGEMENT: CONCEPT C (SEE FIGURE 11) 

SYSTEM CAPACITY: 10.5 kw (3 TONS) 

CONDENSING TEMPERATURE: 305-4K (90F) 

EVAPORATING TEMPERATURE: 280. 4K (45F) 

BOILING TEMPERATURE: IN - 8.3K (15F) 

EVAPORATOR AND CONDENSER APPROACH TEMPERATURE: 5, 6K(1 OF) 



150 200 250 300 350 

Of 


a 
„o 
Qi-O 
IXI T— 
<'>• 
o 

Q, ^ 


-4 VJ 

C a 
<-> 

cd tr) 
1 — ' “ 
o cd 

LlT LlI 
-4 C/3 
LU =1 


WATER TEMPERATURE AT BOILER INLET 


s -97695 


Figure 15. Concept C Characteristics at Higher Boiler Temperature 
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CONCLUSIONS 


The investigations conducted have shown the following: 

(a) COP^s as high as 0.69 can be obtained with a Rankine-powered system 
using water evaporation to enhance condenser performance. 

(b) Detailed studies are required to determine the desirability of an 
evaporative-type condenser by comparison to the use of a cooling 
tower. 

(c) On the basis of COP, cost, and electric power usage, the Rankine- 
powered system is comparable to state-of-art LlBr/H^O absorption 
systems. 

(d) Off-design performance analyses are necessary to fully assess the 
relative merits of the Rankine-powered and absorption systems. 

Ce) The present investigations of Rankine-powered systems should be 

extended to include higher thermal source temperatures as attainable 
from semi -concentrator type solar collectors. At source temperatures 
of 422 K (300 F), OOP's higher than 1.0 can be achieved; this 
compares very favorably to the L|Br/H 20 absorption system. 
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APPENDIX A 

COMPUTER PROGRAM NOMENCLATURE AND LISTING 


This appendix contains a definition of the computer program input 
nomenclature and the listing ot the program* The program was written in 
Fortran language for use with the Univac 1108 computer. The nomenclature 
is given in Table A-1 , which defines all input data required for execution 
of 'RANKIN' as contained in the NAMELIST 'INPUT'. The data are presented 
in the same order as they appear in the computer program input data list. 
The computer program listing Is presented in Figure A-1. 


TABLE A-1 

INPUT DATA NOMENCLATURE FOR 'RANKIN' 


VIST 

TT 

TTH 

HVT 

HLT 

PT 

RHOVT 

CP 

GAMW\ 

AK 

NW 

DPP 

EFM 

OR 

RHOL 

EFPUMP 


Viscosity of refrigerant at 15 tabulated temperatures TT, cent I poise 
15 temperatures at which viscosity VIST Is given, “F 

17 temperatures at which following saturated liquid and vapor properties are given. 
"F 

Enthalpy of saturated vapor at temperatures TTH, Btu/lb 
Enthalpy of saturated I i quid at temperatures TTH, Btu/lb 
Saturation pressure at temperatures TTH, psia 
Density of saturated vapor at temperatures TTH, Ib/Ccu ft) 

Specific heat of vapor at constant pressure, Btu/C^PHlb) 

Specific heat ratio of vapor 

Ratio of sonic velocity to square, root of absolute temperature, ft/(sec) 

Molecular weight of refrigerant 

HX pressure drop expressed as a fraction of inlet pressure 
Mechanical efficiency of turbocompressor shaft. In fraction 
Refrigeration load, Btu/hr 
Liquid density. Ib/Ccu ft) 

Efficiency of liquid pump, in fraction 
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TABLE A-1 (Continued) 


TITLE 

NTB 

TBT 

NIC 

TCT 

NTE 

TET 

KCR 

UAER 

EFFAN 

CPL 

TG 


Name of refrigerant 

Number of boiler temperatures to be used (maximum of 8 allowed) 

Boiler temperatures to be used, “F 

Number of condenser temperatures to be used (maximum of 8 al lowed) 

Condenser temperatures to be used, "F 

Number of evaporator temperatures to be used (maximum of 8 allowed) 

Evaporator temperatures to be used, °F 

Control index for the type of condenser employed; 1 for dry condenser, 2 for wet 
condenser, 3 for condenser using a prehumidif Isr, 4 for water-cooled condenser 
in conjunction with a cooling tower 

UA per sq ft front area for a dry condenser, Btu/(hr) (®F) (sq ft) 

Fan efficiency (combined aerodynamic and electrical) 

Specific heat of liquid refrigerant, Btu/(lb)(°F) 

Air temperatures at evaporator inlet, outlet, condenser inlet and outlet respectively, 
»F 


TW 

NOTE 

DIET 

NDTB 

DTBT 

NOTC 

DTCT 

NTB IN 

TBINT 

NTCIN 


Wet bulb temperatures of air at evaporator inlet, outlet, condenser inlet and outlet 
respectively, “F 

Number of evaporator approach temperatures to be used (maximum of 5 allowed) 

Evaporator approach temperatures to be used, "F 

Number of boiler temperatures to be used (maximum of 5 allowed) 

Bo i i er temperatures to be used, “F 

Number of condenser temperatures to be used (maximum of 5 allowed) 

Condenser temperatures to be used, "F 

Number of boiler inlet hot water temperatures to be used (maximum of 5 allowed) 
Boiler inlet hot water temperatures to be used, “F 

Number of condenser Inlet cool ing water temperatures to be used for the case 
KCR = 4 (maximum of 5 allowed) 


TCI NT 


Oandenser inlet cooling wafer temperatures to be used, “F 
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APPENDIX B 


COMPUTER INPUT/OUTPUT DATA FOR SOLAR-POWERED 
AIR CONDITIONING SYSTEM CONCEPTS 


This appendix contains computer input and output data for the four system 
concepts defined in Figure 1, The data presented are in english units. Input 
data units are defined In Appendix A, and output data units are given on the 
printouts. The data are presented as follows; 
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Figure B-2, Output Data Concept A 
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Figure B'-e, Output Data - Concept C 
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Figure B-7, Input Data ~ Concept D 
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Figure B-7 (Continued) 
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Figure B-8. Output Data - Concept D 
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